Treatment of Calf Diarrhea : Intravenous Fluid Therapy
Joachim Berchtold, Dr Med Vet One of the most important factors in decreasing mortality associated with diarrhea in calves is the proper use of oral and intravenous (IV) fluid therapy. Sick calves without significant dehydration, as seen in other diseases (eg, persistent anorexia, septicemia, ruminal acidosis from ruminal drinking, severe pneumonia, and hypothermia) also may benefit from administration of IV fluids. The recommendations for type, amount, route, and rate of administration of solutions for IV fluid therapy in calves vary and often are too complicated or not suitable for use in field practice. This article presents a simplified protocol for administration of IV fluids and a simple technique for on-farm IV fluid therapy by ear vein catheterization in calves. Recent insights in the development of metabolic acidosis in calves and studies on IV fluid therapy are reviewed.
Diarrhea in neonatal calves remains the leading cause of morbidity and mortality in North America and Europe, 1, 2 with no change in mortality rates between 1995 and 2001 in dairy heifer calves in the United States. 1 Neonatal calf diarrhea is a complex disease that occurs predominantly during the first 4 weeks of life. Calves with diarrhea have an increased chance of fecal isolation of one or more viral (rotavirus, coronavirus), bacterial (Escherichia coli, Salmonella sp.), or protozoal (Cryptosporidium parvum, Eimeria sp.) pathogens than healthy control calves. 3 Regardless of the origin, most calves with diarrhea have increased numbers of coliform bacteria in their small intestine (bacterial overgrowth), which contributes to morphologic damage of the intestinal mucosa and may result in increased susceptibility to bacteremia. 4 Metabolic acidosis is a frequent consequence of gastrointestinal disease and is found in calves with dehydration and in clinically sick calves with minimal or no signs of dehydration, the so-called ''acidosis-without-dehydration-syndrome.'' 5 The importance of bacterial overgrowth in the intestines of calves with diarrhea gained more attention when the role of D-lactate (the anion of D-lactic acid) in the development of metabolic acidosis was discovered. Production of D-lactic acid results from bacterial fermentation of carbohydrates in the gastrointestinal tract of milk-fed calves and is a common finding in sick calves with and without diarrhea. Studies have demonstrated that D-lactate is a major component of the metabolic acidosis generally present in calves with diarrhea, in calves with the ''acidosis-withoutdehydration-syndrome,'' and in calves with ruminal acidosis from drinking milk into the rumen (ruminal drinking). [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] D-lactate also has been identified as the major component of metabolic acidosis in the floppy kid syndrome of young goat kids. 16 Clinical signs of impaired central nervous system (CNS) function, including ataxia and coma in sick calves, have been historically attributed to metabolic acidosis; however, recent findings indicated that many of the clinical signs formerly attributed to acidosis are caused by an increase in D-lactate concentrations. 17, 18 The pathophysiology of D-lactate accumulation is important for bovine practitioners to understand and is discussed in more detail in the next section.
INDICATIONS FOR INTRAVENOUS FLUID THERAPY Dehydration and Electrolyte Imbalances
The pathophysiology of diarrhea includes increased intestinal secretion and decreased intestinal absorption of fluids along with increased passage of intestinal contents. Severe dehydration caused by fecal loss of fluids and electrolytes is a frequent complication of diarrhea and the primary indication for oral and intravenous fluid therapy. A higher total body water content (approximately 75% body weight) and a higher extracellular fluid volume content (approximately 45% body weight) in newborn calves make them more sensitive to fluid losses compared with adult cattle. The higher proportional water content does not serve as a water reservoir and has no protective effect against dehydration. 19 Fecal fluid loss in calves with severe watery diarrhea can reach 13% to 18% of body weight per day and is probably underestimated in most cases. 20 The highest fecal fluid loss reported was in a calf that lost 21% of its body weight over 24 hours, although ad libitum oral fluids were provided. 20 The kidneys compensate for increased fluid loss in diarrhea by decreasing urine production; however, if losses exceed fluid intake, dehydration follows. 21 Fecal losses of water occur in combination with losses of electrolytes, primarily sodium and potassium. Serum electrolyte concentrations are also affected by a reduced dietary (milk) intake and can be masked by hemoconcentration. 22 The decrease in extracellular fluid volume decreases plasma volume and venous return, which results in extracellular dehydration and total body loss of water and electrolytes. Fluid and electrolyte losses in the early stages of calf diarrhea are primarily of secretory origin andto a much lesser extent-of osmotic origin. 23 Blood electrolyte concentrations can vary considerably in calves with diarrhea because most calves generally have been treated with oral fluids before presentation. 20, [24] [25] [26] Mixing errors of oral electrolyte solutions often occur, and many calves do not have access to fresh water. 26 In dehydrated calves with diarrhea, decreased serum concentrations of glucose, sodium, potassium, and chloride have been reported. 27 Hyponatremia is generally present as a result of increased fecal loss (secretory diarrhea); 22, [27] [28] [29] however, hypernatremia also may be present. This is particularly true in calves that have been treated or overtreated with oral electrolyte solutions and do not have access to fresh water 26 or calves to which an electrolyte solution with excessive sodium concentration was fed (> 140 mEq/L). Total body potassium concentrations decrease in diarrhea; however, hyperkalemia is often present in calves with diarrhea with severe acidosis. 22, 27 Hyperkalemia is thought to result from translocation of potassium from the intracellular to the extracellular compartment. 19 An impaired renal excretion of potassium also may play a role in this not-fully-understood mechanism of hyperkalemia involving hyponatremia, hypo-osmolality, acidemia, and cellular hypoxia. 5 Calcium concentrations are often low, and magnesium concentrations vary in calves with diarrhea. 22, 30 Electrolyte imbalances (sodium, total calcium, magnesium) have been found to be present even 10 days after completion of therapy in calves that were successfully treated for diarrhea. 30 Diarrhea in young calves causes a hypo-osmotic extracellular dehydration with decreased extracellular fluid volume (plasma and interstitial) and a small increase in intracellular fluid volume. [31] [32] [33] In calves with chronic diarrhea or shortly before death, hyperosmotic dehydration may be present. 21, 34 Electrolyte disturbances and type of dehydration (iso-, hypo-, or hyperosmotic) vary among individual cases and cannot be predicted from clinical findings without laboratory analysis. Scouring calves may be in poor body condition when they have not been fed milk for several days and were treated only with oral fluids. 20, 35 Hypothermia is also a logical consequence in the pathophysiology of dehydration, and a decreased rectal temperature is frequently observed in calves with diarrhea. [36] [37] [38] The traditional recommendation for IV fluid therapy is predominantly based on the degree of dehydration. A decrease of more than 8% body weight is believed to require IV fluid administration rather than only oral fluids for successful rehydration. Under field conditions, the indications for IV fluid therapy in calves may be extended to nondehydrated sick calves with gastrointestinal or other diseases. [39] [40] [41] Calves with less severe dehydration may benefit from IV fluids if they show signs of severe depression or coma, are recumbent or severely depressed, or do not have a suckle reflex. In the authors' opinion, the indication for IV fluid therapy should be extended to some calves that may be less than 8% dehydrated. Regardless of the degree of clinical dehydration, when calves show signs of severe CNS depression or weakness, are comatose, are unable to stand, do not suckle for more than 24 hours, or have a rectal temperature of less than 100 F (38 C) (in newborn calves), IV fluid therapy is indicated. The authors recommend IV fluid therapy for other diseases or syndromes in sick calves without diarrhea, including diseases that cause a decrease in oral fluid intake because of abdominal pain or an inability to suckle, which can be seen with severe respiratory distress.
Metabolic Acidosis and D-Lactate
Development of strong ion (metabolic) acidosis is common in calves with diarrhea and other gastrointestinal diseases. Our understanding of the pathophysiology of this acidosis has increased tremendously during the past decade, primarily because of discoveries by researchers in Europe and Canada on the significance of D-lactate in calves with gastrointestinal disorders. The importance of D-lactate in the pathophysiology of gastrointestinal diseases in calves has been elucidated in several clinical and experimental studies. Two thorough review articles were published recently on this subject; 8, 11 however, a brief discussion is still warranted here. We have known for years that adult ruminants with acute rumen acidosis develop D-lactic acidosis after grain overfeeding. 42 Only recently, however, were increased D-lactate concentrations identified to be responsible for most of the systemic acidemia that occurs in calves with the ''acidosis-without-dehydration syndrome'' 12, 14 and for a major portion of the acidemia seen in calves with diarrhea. 6, 7, 9, 10, 13, 43 In calves with ruminal acidosis after drinking or drenching of whole milk into the rumen, acidemia may follow after absorption of sufficient amounts of D-lactate from the gastrointestinal tract. 15, 44 D-and L-lactate are end products of organic acids normally produced in the gastrointestinal tract by bacterial metabolism of carbohydrates without any deleterious consequences to the animal. 45 In adult cattle with grain overload, fermentation of Intravenous Fluid Therapy larger amounts of carbohydrates induces an increased concentration of organic acids that leads to a decrease in intraruminal pH. This decrease in pH favors the overgrowth of bacteria (mainly Lactobacillus spp.) that are able to produce D-and L-lactate in high quantities. 8 In calves with diarrhea, the increased production of D-and probably L-lactate is thought to result from villous atrophy, with subsequent malabsorption and fermentation of nutrients by intestinal bacteria. 8, 11 Both the L-and D-isomers of lactic acid can be absorbed from the gastrointestinal tract; however, the hepatic metabolism and renal excretion of D-lactate are significantly slower in ruminants compared with L-lactate. With increased production and absorption of L-and D-lactate, the metabolic acidosis that develops is primarily caused by increases in D-lactate concentrations. 8 Development of metabolic acidosis in calves with diarrhea has long been attributed to (1) loss of bicarbonate ions (HCO 3 -) in the feces, (2) decreased renal excretion of hydrogen ions (H 1 ) associated with dehydration and decreased renal blood flow, and (3) the presence of unidentified organic acids in plasma. [46] [47] [48] [49] [50] In the late 1980s, Naylor 51 found that metabolic acidosis is based at least in part on the presence of increased L-lactate concentrations in the serum of calves with diarrhea younger than 8 days. Compared with the recent findings of elevated D-lactate concentrations in the blood, however, the small increases in L-lactate concentrations seen in earlier studies do not explain the high anion-gap (AG 5
])) often found in calves with diarrhea. 6, 13, 48, 52 An increase in the anion gap is the result of an increased concentration of strong anions in blood, mainly from organic acids (eg, lactic acid). Experimental induction of severe dehydration (at least 14% body weight) produced only a mild L-lactic acidosis. 53 The discovery of D-lactate ended speculation of which unidentified anion or anions might be most responsible for the increase in the anion gap. It is clear that increased D-lactate concentrations explain most of the acidemia and elevated anion gaps present in calves with diarrhea and in clinically sick calves without diarrhea and dehydration (''acidosis without dehydration syndrome'').
The first two reports of D-lactic acidosis from France found a mean D-lactate concentration between 10 and 13 mmol/L in the plasma of clinically sick Charolais calves without signs of dehydration or diarrhea and a mean D-lactate concentration of 5 mmol/L in calves with simple diarrhea. This finding was compared with healthy control calves that had D-lactate concentrations between 1 and 2 mmol/L. 12, 14 The mean L-lactate concentrations seen in acidotic calves (1-2.5 mmol/L) were much lower than the reported D-lactate levels. Subsequent studies from Canada and Germany showed that hyper-D-lactatemia is often present in calves with more severe diarrhea and dehydration. A blood D-lactate concentration above 3 mmol/L was found in 55% of 300 calves with neonatal diarrhea. 9 Median D-lactate concentration was 4.1 mmol/L and ranged from 0 to 17.8 mmol/L. The correlation between D-lactate concentration and base deficit was statistically significant but not linear, and the degree to which D-lactate contributed to metabolic acidosis varied from calf to calf ( Fig. 1) . Calves with a severe metabolic acidosis (base deficit > 25 mmol/L) always had increased D-lactate concentrations, whereas calves with a less severe acidosis (base deficit between 10 and 25 mmol/L) had D-lactate concentrations that varied from 0 to 17.8 mmol/L. 9, 10 The concentration of D-lactate and L-lactate accounted for 64% of the elevated anion gap in one study, 13 and significant correlations between D-lactate concentration and the anion gap were found in subsequent studies. 6, 9 Ewaschuk and colleagues 7 measured D-and L-lactate in rumen, blood, fecal, and urine samples in calves with diarrhea and in healthy control calves. Despite a markedly higher L-lactate concentration in rumen and fecal samples of diarrheic calves as compared with control calves, the L-lactate concentrations were not high enough to induce a systemic acidosis. The calves with diarrhea in that study had significantly higher values for D-lactate in all four samples (rumen, feces, blood, urine) than healthy control calves. 7 The mean values for D-lactate were highest in the feces (25.4 mmol/L), followed by urine (19.2 mmol/L), rumen (17 mmol/L), and serum (13.9 mmol/L). The authors concluded that D-lactate production and absorption in the colon were more likely to have contributed to the systemic acidosis than other possible sites of absorption (rumen). Accumulated D-lactate may be effectively eliminated by the kidneys in nondehydrated calves. 54 The role of IV fluid therapy to restore or maintain hydration status in sick calves is also important to speed elimination of D-lactate; however, kinetic studies of D-lactate elimination in calves are not currently available.
D-Lactate in Ruminal Drinker Calves
The role of D-and L-lactate in the pathophysiology of ruminal acidosis in adult cattle with grain overload was identified more than 40 years ago. 42 Briefly, overfeeding with highly fermentable concentrates results in excessive bacterial fermentation of carbohydrates by the anaerobic bacteria of the rumen. Grain overload leads to production of short chain fatty acids and large amounts of D-and L-lactate. 8 Because the ruminant liver is not efficient in metabolizing D-lactate, it begins to accumulate in the blood and systemic acidemia often follows. The same absorptive mechanisms for D-lactate in ruminating cattle may be responsible for systemic accumulation of D-lactate in preruminating calves with persistent ruminal acidosis from spilling milk into the rumen (ruminal drinking). 15 Experimentally induced rumen acidosis in calves after repeated intraruminal force feeding of whole milk resulted in D-lactic acidosis. Calves developed hyper-D-lactatemia with concentrations between 6.8 and 11.1 mmol/L, generally in conjunction with metabolic acidosis, dehydration, severe depression, and lack of appetite or reduced suckle reflex. 15 Calves that suffered from spontaneous diarrhea and concurrent ruminal acidosis (rumen pH < 6.0) had a higher mean D-lactate concentration (6.6 AE 5.2 mmol/L) in blood as compared with calves with a normal rumen pH (5.3 AE 5.4 mmol/L). 9 The author stated that her study could not clarify whether the ruminal acidosis was a cause or a consequence of systemic D-lactic acidosis.
In summary, recent research has demonstrated that D-lactate is responsible for a major portion of the acidemia that generally accompanies diarrhea in calves suckling their dam or fed whole milk. D-lactic acidosis occurs after sufficient amounts of D-lactate have been absorbed from the gastrointestinal tract (primarily colon) and neutralization of the accumulated D-lactate by buffer mechanisms in the body becomes inadequate. Reports of D-lactate concentrations in calves with diarrhea that are being fed milk-replacer diets with or without antimicrobials are unavailable, so it is unknown whether these calves develop D-lactic acidosis to the same degree as calves on whole milk diets.
Metabolic Acidosis in Newly Born Calves With Asphyxia
A further indication for IV fluid therapy in calves is mixed respiratory and metabolic acidosis resulting from birth asphyxia. 55 In calves that suffer from severely depressed uteroplacental gas exchange, the partial pressure of oxygen (pO 2 ) decreases, which indicates hypoxia, and the partial pressure of CO 2 (pCO 2 ) increases, which indicates hypercapnia. The resulting mixed respiratory and metabolic acidosis is associated with increased mortality rates when venous blood pH falls below 7.2. 56, 57 These calves benefit from IV fluid therapy with sodium bicarbonate solutions to increase blood pH.
Bacteremia, Sepsis, and Endotoxemia
Calves with neonatal diarrhea often have increased numbers of coliform bacteria in their small intestine. 4 This bacterial overgrowth is associated with altered intestinal function, morphologic damage, and increased susceptibility to bacteremia. Studies have documented that bacteremia is a frequent complication of diarrhea in calves. 58, 59 Fluid therapy is important for maintaining fluid and electrolyte balance in these calves; however, specific therapy of bacteremia focuses on administration of antibiotics (see the article by Constable found elsewhere in this issue.)
ASSESSING THE NEED FOR INTRAVENOUS FLUID THERAPY
Food animal practitioners generally decide if IV fluid therapy is necessary in sick calves based on clinical examination rather than on laboratory values. Important clinical parameters to guide decision making on fluid therapy are obtained from the evaluation of hydration status and CNS function. Degree of enophthalmus is the best predictor of dehydration in calves, followed by skin elasticity determined on the neck and thorax. 60 More detailed information on the clinical assessment of hydration status in calves is presented in the article by Smith on oral fluid therapy found elsewhere in this issue. In clinically sick calves, it is important to evaluate hydration status along with other clinical signs, including the ability of the calf to suckle, severity of CNS depression, and whether the calf can stand (degree of weakness). These factors in combination are used to determine whether IV fluid therapy is indicated.
Laboratory Tests to Aid the Assessment of Strong Ion Acidosis
Blood-gas and acid-base status can be determined in practice with a portable blood gas analyzer, such as the I-Stat unit (Heska Corporation, Fribourg, Switzerland). These laboratory analyzers are expensive, however, and are not used in most practices. Other less expensive methods for determination of acid-base status use a portable pH meter (Cardy Twin pH meter, Spectrum Technologies, Inc., Plainfield, IL) 61 or the Harleco-System to determine total carbon dioxide concentration. 24, 51 To the authors' knowledge, these methods are not widely used in bovine practice. A more detailed presentation of tools for laboratory assessment of acid-base status in bovine field practice is discussed elsewhere. 62 The concentration of stereospecific D-lactate is determined by high-performance liquid chromatography or via enzymatic measurements. 63 D-lactate has been determined in experimental studies and in teaching hospitals. Portable lactate analyzers for use in practice do exist, but they measure only L-lactate. 62 Determination of D-lactate is not performed in most diagnostic laboratories, and simple assays for use in practice are not available.
Clinical Assessment of Metabolic Acidosis
Assessing and diagnosing metabolic acidosis on the basis of clinical signs are common practice. The predictive accuracy of the degree of metabolic acidosis on the basis of clinical signs has varied among studies. The clinical signs of neurologic depression (weakness, ataxia, and decreased menace, suckle, and panniculus reflex) correlated highly with the severity of metabolic acidosis in calves without dehydration. 52 Also in calves with diarrhea, signs of CNS depression, ability to stand, and suckling force all correlated well with metabolic acidosis. 36, 51, 64, 65 The degree of enophthalmos and peripheral skin temperature are important and obvious signs that determine whether IV fluid therapy is indicated; however, they do not correlate with the degree of metabolic acidosis. 10, 24, 28, 36, 51, 52 An important discovery was that metabolic acidosis in calves with diarrhea varies during the first weeks of life. Naylor discovered that metabolic acidosis is less severe during the first week of life than in calves with diarrhea older than 8 days. 36, 51 The base deficit in calves with diarrhea that were older than 1 week was almost twice as high as in calves that presented with diarrhea during the first week of life. Subsequent studies confirmed that calves with diarrhea older than 1 week of age usually exhibit a higher base deficit. 24, 25, 50, 66, 67 On the basis of his findings, Naylor 68 developed a chart for predicting the severity of metabolic acidosis based on body position, strength of suckle reflex, and age of the calf, with corresponding values for base deficit and bicarbonate requirements for the treatment of metabolic acidosis in calves with diarrhea younger or older than 8 days. This protocol became a popular approach to guide diagnosis and treatment of acidosis in calves with diarrhea and is presented in common veterinary medical textbooks. An even more simplified approach to fluid therapy in the field is presented later in this article.
Another study estimated the base deficit from suckling force or ability to stand without dividing calves into age groups. 69 Data from 65 calves with diarrhea showed that when suckle reflex was strong, weak, or absent, the calves had a mean base deficit of 4.2 mEq/L, 11.4 mEq/L, or 21.5 mEq/L, respectively. The calves standing strongly, weakly, or unable to stand had a mean base deficit of 5.2 mEq/L, 7.8 mEq/L, and 19.1 mEq/L, respectively. 69 Newer studies focusing on the clinical signs associated with D-lactic acidosis have reported only minor differences for the base deficit between calves standing securely compared with calves with diarrhea with a wobbly posture or not able to stand. 10, 43 Severe metabolic acidosis from accumulation of D-lactate is likely present in depressed, wobbly, or recumbent calves with no or minimal diarrhea and dehydration. 10, 12, 14, 24, 43, 52, 70 
Clinical Assessment of D-Lactic Acidosis
The recent discovery that D-lactate is responsible for most of the acidemia present in calves with diarrhea with and without dehydration was accompanied by the discovery that D-lactate is also responsible for most of the CNS depression that was formerly been attributed to metabolic acidosis. 10, 17, 18, 43 Practitioners have commonly used depression scores to predict the degree of metabolic acidosis in calves with diarrhea; however, a recent study questioned if the degree of acidosis can be predicted based on the severity of clinical signs, because administration of hydrochloric acid induced severe hyperchloremic metabolic acidosis but no abnormal clinical behavior. 71 Other studies suggested that currently, D-lactate is the most important factor responsible for the clinical signs of weakness and CNS depression in calves with diarrhea.
The first descriptions of D-lactate suggested that it was the major cause of metabolic acidosis in nondehydrated calves without significant diarrhea, a syndrome that is characterized by CNS depression, ataxia, recumbency, and coma. 12, 14 A D-lactate concentration up to 2 mmol/L is considered normal; 44 however, values consistently associated with abnormal clinical signs have not been established. Markedly elevated D-lactate concentrations in calves with diarrhea are found when calves show a wobbly posture or cannot stand, exhibit a tired, listless, or comatose behavior, and have a delayed, incomplete, or completely absent palpebral reflex. 10, 11, 43 The mean D-lactate concentration (between 10 and 11 mmol/L) was approximately four times higher in calves with diarrhea showing these abnormal signs compared with calves with normal posture (secure standing), alert behavior, or a prompt and complete palpebral reflex. 10 Mean D-lactate concentration was 11.0 AE 3.6 mmol/L in calves with diarrhea that were unable to rise or had a wobbly posture; calves that were able to stand without difficulty had a mean D-lactate of 2.4 AE 2.1 mmol/L. 10 Only minor differences were noted for the corresponding base deficit values (18.9 AE 3.9 mEq/L in wobbly or recumbent calves and 16.1 AE 3.5 mEq/L in calves standing securely).
A staggering and drunken appearance also has been described and is often found in calves with diarrhea and ruminal drinking in the authors' experience. D-lactic acidosis in experimentally induced ruminal acidosis was characterized by depression, reduced or absent suckle reflex, dehydration, and recumbency. 15 The degree of dehydration does not correlate well with the degree of acidosis 10, 64, 72 or D-lactate concentration. 9 A negative correlation between D-lactate concentration in blood and dehydration was described in one study, however. 9 Higher D-lactate concentrations were present in calves with a normal or slightly sunken position of the eyeballs than in calves with clearly sunken eyeballs. 10 The author speculated that this finding may be explained by the preselection of severely sick calves admitted to a teaching hospital.
Increased D-lactate concentrations in blood and cerebrospinal fluid (CSF) are associated with signs of dysfunction of the CNS because D-lactic acid has been identified as a neurotoxic agent. 18 Two studies clearly demonstrated that impaired neurologic function in healthy calves can be reproduced by administration of hypertonic sodium-D-lactate or isotonic DL-lactic acid. 17, 18 Calves given D-lactate showed a delayed palpebral reflex, appeared tired and closed their eyes, and had a staggering (ataxic) gait, and some lay down with one foreleg extended backward parallel to the body (a sign seen in some weak calves requiring IV fluid therapy in the authors' experience). 17 The suckle reflex was not depressed in a study that experimentally induced a short-term (2 hours) D-lactic acidosis; 17 nor was it depressed after a short-term (2 hours) hyperchloremic metabolic acidosis after the administration of hydrochloric acid to healthy calves. 71 The infusion of isotonic DL-lactic acid, L-lactic acid, and hydrochloric acid over 6 hours in another study did result in depression of the suckle reflex, however. 18 The weak suckle reflex was more strongly correlated with CSF bicarbonate concentration, base excess values, and blood pH than it was with CSF D-lactate concentrations. 18 It seems that increases in D-lactate alone do not impair the suckle reflex and that a decrease in CSF pH is needed to reduce a calf's suckling ability. 17, 18, 71 Researchers do not completely understand how the decrease in suckling behavior develops in calves with diarrhea.
In summary, the age of a calf needs to be taken into consideration when assessing the severity of metabolic acidosis and determining bicarbonate requirements of calves with diarrhea. 51 Calves with diarrhea and dehydration during their first week of life are less acidotic than older calves and require less sodium bicarbonate to correct their acidemia. Calves that are unable to stand or have a weak or absent suckle reflex have a more severe acidosis and require intravenous sodium bicarbonate to correct their acidemia. D-lactic acidosis may be present in sick calves with or without diarrhea and dehydration that are recumbent or wobbly, tired, listless or comatose, and have a delayed, incomplete, or absent palpebral reflex. If the suckle reflex is absent or weak or the calf chews irregularly instead of suckling normally, D-lactic acidosis may be the underlying disease state. Clinical assessment for weakness and ability to stand is performed by careful manipulation to help calves stand up (not performed in comatose calves), for duration of anorexia by obtaining history and determining suckle reflex, and for hypothermia by palpation of extremities and recording rectal temperature.
INDICATIONS FOR INTRAVENOUS FLUID THERAPY
The major indications for IV fluid therapy in neonatal calves are (1) dehydration, (2) severe depression, weakness, or inability to stand, (3) anorexia for more than 24 hours, and (4) hypothermia (temperature < 100 F [38.0 C]) in newborn calves. An estimated dehydration of more than 8% of the calf's body weight is the most widely accepted indication for IV fluid administration, 73 although experimental evidence supporting this as the most appropriate intervention point is currently unavailable. One study demonstrated that calves dehydrated more than 8% required at least 24 hours to be adequately rehydrated with orally administered electrolyte solutions. 74 Calves that are recumbent, severely depressed, or comatose and calves without a suckle reflex also need IV fluid therapy. Calves with rapidly progressing dehydration and consistent profuse watery diarrhea should be treated intravenously rather than rehydrated by ororuminal intubation. If treatment with oral fluids is not successful and only a weak suckle reflex is present, initial IV restoration of fluid and electrolyte deficits is preferred. Collapsed dehydrated calves in severe hypovolemic shock are not able to rapidly resorb sufficient amounts of oral or subcutaneously administered fluids and should receive IV rehydration. 74 Resuscitation by IV fluid administration restores oxygen delivery and removes the metabolic products of poorly perfused tissues. 60 IV fluids are also recommended in sick calves that show signs of CNS depression and other underlying diseases. [39] [40] [41] Severely depressed calves with suspected acidemia (most likely D-lactic acidosis) but without clinical signs of dehydration need IV alkalinizing fluids to restore a normal acid-base status. 14, 52, 70 Severely depressed calves with acidemia need IV alkalinizing fluids to help to decrease D-lactate concentrations. 5, 14 The authors also recommend IV fluid therapy for other diseases or syndromes in sick calves without diarrhea but with a decrease in oral fluid intake from pain or inability to suckle caused by severe respiratory distress. Finally, IV fluid therapy is needed for resuscitation of newly born calves that suffer from asphyxia and mixed respiratory-metabolic acidosis. 56, 57 
GOALS OF INTRAVENOUS FLUID THERAPY
In a previous edition of this article, the goals of IV fluid therapy in calves were defined as (1) correcting extracellular dehydration and restoring circulating blood volume, (2) correcting metabolic acidosis (increase blood pH >7.20), (3) correcting mental depression and restoring the suckle reflex, (4) correcting electrolyte abnormalities, (5) correcting the energy deficit, and (6) facilitating repair of damaged intestinal surface. 73 Because of the importance of D-lactate in sick calves with gastrointestinal disease,
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another goal of fluid therapy in calves is to decrease the concentration of D-lactate. This goal was defined by Naylor and colleagues 5 after D-lactate was identified as an important factor of metabolic acidosis that acts as a neurotoxic agent. The reduction of D-lactate helps to correct depression and restore the suckle reflex. Current research efforts concentrate on the development and evaluation of efficient strategies to decrease D-lactate concentrations. 43, 54, 75 The administration of IV fluids may speed renal elimination of D-lactate and removal from body compartments such as the brain and CSF. 54 Administration of IV sodium bicarbonate in calves with D-lactic acidosis had no significant effect on blood D-lactate concentrations 4 hours after starting buffer therapy and did not correct the base deficit in 53% of calves, despite correct calculation of bicarbonate requirements. 43 After 24 hours, the mean D-lactate concentration decreased from 10 mmol/L before therapy to 5.4 mmol/L with administration of sodium bicarbonate followed by isotonic saline. Whether IV fluid therapy alone is sufficient to reduce the D-lactate levels found in acidotic calves with diarrhea is questionable. Administration of oral electrolyte solutions with a high strong ion difference for at least 2 days may help hasten the renal excretion of D-lactate and avoid relapses. A Canadian study reported significant reductions of D-lactate concentrations within 24 hours after starting a treatment protocol with a combination of IV fluids, oral electrolytes, and antibiotics. 75 This study examined the effects of orally administered Lactobacillus rhamnosus GG, a probiotic bacteria that does not produce D-lactate. Unfortunately, the probiotic had no effect on D-lactate levels in serum and feces. The exact treatment plan was not presented in this study; however, combining IV buffer therapy and oral electrolytes with antibiotics seems logical for the treating D-lactic acidosis in calves with diarrhea and preventing relapses by controlling bacterial D-lactate production in the gastrointestinal tract with antimicrobials. A study from France suggested milk withdrawal for a short period combined with administration of antibiotics for the treatment of D-lactic acidosis in addition to administration of sodium bicarbonate. 14 Further studies are desperately needed to evaluate the efficacy of various treatment protocols in calves with D-lactic acidosis.
Correcting the energy deficit by adding dextrose seems like a logical indication for IV fluid therapy in calves with diarrhea, but it should be used cautiously. A recent study found that the addition of 100 or 400 g of dextrose to 10 L of isotonic saline and sodium bicarbonate solution for the treatment of calves with diarrhea was associated with a decrease in voluntary milk intake as compared with calves that did not receive dextrose. 76 Another deleterious effect of dextrose administration in adult cattle was a decrease in serum phosphorus concentration. 77 A dextrose-enriched solution seems to be beneficial in newborn calves for the treatment of severe hypothermia during the first 24 hours of life.
SOLUTIONS FOR INTRAVENOUS ADMINISTRATION
Food animal practitioners need only a few crystalloid solutions for effective IV fluid therapy in calves, including isotonic and hypertonic saline (NaCl), isotonic and hypertonic sodium bicarbonate (NaHCO 3 ), acetated or lactated Ringeŕs solution, and concentrated solutions of dextrose. These solutions are commercially available in most countries and come in plastic bags or bottles that are convenient to use and easily attachable in the environment of single-housed or tied (tethered) calves. If solutions are not commercially available or too expensive for routine use in calves, preparation of homemade, nonsterile solutions with clean tap water has been recommended 78 and is presented elsewhere. 79 This approach is questioned if approved products for use in food animals are available at reasonable costs.
Types of Solutions
Solutions for IV application are classified as crystalloid or colloid and-according to their osmolarity-as hypotonic, isotonic, or hypertonic. 80 Balanced crystalloid solutions have a composition similar to extracellular fluid (ie, lactated Ringer's solution), whereas unbalanced solutions differ from extracellular fluid (ie, 0.9% NaCl). The solutes of crystalloid solutions form a true solution, can be crystallized, and are distributed throughout the extracellular fluid space into all body fluid compartments. Compounds of crystalloid solutions are electrolytes, mainly based on sodium and chloride, and organic compounds like dextrose or lactate. Sodium is the backbone of the extracellular fluid, and solutions based on sodium are always indicated in hypovolemia. 80 To increase or maintain the extracellular volume, isotonic solutions (approximately 300 mOsm/L) must contain a sodium concentration of at least 140 mEq/L. Solutions that contain less sodium do not resuscitate dehydrated calves as effectively as isotonic saline that has a sodium concentration of 154 mEq/L. 81 Sodium-containing solutions should not be used in calves with severe hypoalbuminemia because they decrease plasma albumin concentration and oncotic pressure, which forces fluid movement into the interstitial space and exacerbates tissue edema. 80 Calves known to have hypoalbuminemia before the start of IV fluid therapy benefit from the administration of colloid solutions or blood transfusion.
Colloids are substances with a high molecular weight that are too large to pass through a semipermeable membrane. Colloid substances are restricted to the plasma compartment and provide sustained plasma volume expansion. Examples of colloid solutions are whole blood, blood substitutes, plasma, and high molecular glucose polymers such as dextran preparations (dextran-70) and hydroxyethyl starch preparations (hetastarch and pentastarch). The basics and the use of colloid solutions in cattle were discussed in the November 2003 issue of Veterinary Clinics of North America: Food Animal Practice. 80 
Alkalinizing Solutions
Because acidemia is common in calves with gastrointestinal disease requiring IV fluid therapy, these patients need administration of alkalinizing substances. 82 Sodium bicarbonate is the alkalinizing agent of choice and is often recommended as a 1.3% isotonic solution (13 g NaHCO 3 /L). 66, 73, 80, [83] [84] [85] Isotonic sodium bicarbonate has an effective strong ion difference of 155 mEq/L and is alkalinizing because it buffers hydrogen ions and increases the strong ion difference in blood. Many studies have documented that sodium bicarbonate is the most important buffer for the treatment of acidemia in calves with and without dehydration. Available hypertonic preparations of sodium bicarbonate include 4.2%, 5%, and 8.4% solutions with a theoretic osmolality of 1000 mOsm/L, 1190 mOsm/L, and 2000 mOsm/L, respectively. Hypertonic formulations of sodium bicarbonate are ideal for adding to larger quantities of isotonic saline to create a mildly hypertonic solution containing volume-expanding fluid and buffer. 39, 66, 78 Sodium bicarbonate (NaHCO 3 ) is available in 100-mL or 250-mL glass bottles as 4.2% or 8.4% hypertonic formulations, which provides for easy calculation of the volumes for buffer requirements because 1 mL of 8.4% sodium bicarbonate provides 1 mEq of buffer (HCO 3 -). One or two (250 mL) bottles of 8.4% sodium bicarbonate can easily be added to a 5 L bag of isotonic saline with a large syringe and mixed on the farm just before administration to avoid potential contamination. 39, 66 In North America, 500-mL bottles of 5% sodium bicarbonate are widely available and contain 0.6 mEq of HCO 3 per milliliter (298 mEq per bottle). Administration of undiluted 4.2% or 2.1% sodium bicarbonate has been recommended at a dosage of 500 mL to 1000 mL for resuscitation of comatose or severely acidotic calves before starting a volume-expanding or replacement solution. 35 Administration of undiluted 8.4% hypertonic sodium bicarbonate solution should be used with caution, especially in dehydrated calves that are unable to suckle. Potential adverse effects of hypertonic sodium bicarbonate include hyperosmolality of extracellular fluid, hypokalemia, hypernatremia, hypocalcemia, and paradoxic intracellular and CSF acidosis. A recent study administered 8.4% hypertonic sodium bicarbonate (10 mL/kg over 8 minutes) or 5.85% hypertonic saline solution (5 mL/kg over 4 minutes) followed by oral electrolytes to dehydrated calves with diarrhea and severe acidosis. 67 Administration of 8.4% hypertonic sodium bicarbonate resulted in greater cure rates as compared with hypertonic saline. Although no significant clinical side effects were observed, the authors warned against using hypertonic (high sodium) solutions in calves with hypernatremia. 67 Hypertonic sodium bicarbonate should not be used in calves with diarrhea that have concurrent respiratory disease, because they may not be able to effectively exhale the excess CO 2 generated in buffer reactions.
There are conflicting data on the ability of 8.4% hypertonic sodium bicarbonate solution to induce a paradoxic intracellular and CSF acidosis in normovolemic calves. The administration of 5 mL/kg of 8.4% NaHCO 3 over 5 minutes to nondehydrated calves with an experimentally induced respiratory and metabolic acidosis did not result in a paradoxic acidosis of CSF in one study, 55 whereas in another study a paradoxic CSF acidosis was reported in calves after treatment of an induced strong ion acidosis with sodium bicarbonate (formulation of solution not given). 86 A 5% hypertonic sodium bicarbonate formulation has been used for the treatment of newborn calves with asphyxia accompanied by a mixed (respiratory and metabolic) acidosis. 56, 57 The dose of sodium bicarbonate was determined on the basis of the base deficit and body weight. These two studies did not report significant side effects, and there was no increase in the partial pressure of carbon dioxide (pCO 2 ) of blood to indicate the development of a paradoxic acidosis in blood.
Lactate and acetate are metabolizable bases and are included in popular polyionic solutions (lactated Ringer's and acetated Ringer's). Both substances produce an alkalinizing effect because they are metabolized predominantly to bicarbonate (HCO 3 -); however, they do not alkalinize as rapidly as sodium bicarbonate. 80 Sodium-L-lactate showed a delayed effect in increasing blood pH when compared with sodium bicarbonate. 64 A theoretic disadvantage of commercially available lactated Ringer's solution is that the lactate is a racemic equimolar mixture of L-lactate and D-lactate, and it should be avoided in severely acidemic calves with a blood pH of less than 7.2 because D-lactate concentrations already may be increased. 11, 14, 80 Acetated Ringer's solution is theoretically superior to lactated Ringer's solution because acetate is metabolized faster and alkalinization is more rapid. Acetate would not exacerbate D-and L-lactic acidosis. 64 A disadvantage of commercially available acetated Ringer's solutions is that it contains gluconate, which is slowly metabolized by neonatal calves. 87 Despite these concerns, lactated Ringer's solution is popular and still widely used by practitioners. In general, acetated or lactated Ringer's solution is preferred to correct a less severe acidemia (pH > 7.20 or base deficit < 10 mEq/L), and sodium bicarbonate should be used for the treatment of severe acidemia in sick calves.
Nonalkalinizing Solutions
Nonalkalinizing solutions are more frequently used in fluid therapy for adult cattle because they tend to get alkalemic instead of acidemic. 82 Besides isotonic saline solution (0.9% NaCl), the classic balanced polyionic and isotonic crystalloid fluid for adult ruminants is Ringer's solution, which contains physiologic concentrations of sodium, potassium, calcium, and chloride. The addition of dextrose to IV fluid solutions is popular to provide energy during cold weather and counteract negative energy balance in calves with diarrhea. This practice should be questioned because of a recent study that showed that the addition of either 100 or 400 g of dextrose to 10 L of saline and sodium bicarbonate IV fluids (given over 24 hours) resulted in decreased milk intake as compared with calves that received the same fluids but without dextrose. 76 In that study, adding dextrose to the fluids was also accompanied by an increase in the amount of sodium bicarbonate that was necessary to correct the base deficit.
Administration of crystalloid solutions that do not contain an alkalinizing agent have a strong ion difference of zero (ie, isotonic saline or Ringer's solution) and are acidifying because they decrease the normal strong ion difference in calves. 80 Solutions without an alkalinizing agent induce a strong ion acidosis and should be used cautiously in calves with acidemia. 74, 80 Several studies documented that isotonic saline or small amounts of hypertonic saline solutions do not significantly alter base deficits in healthy or acidemic calves. 64, 67, 74, 87, 88 In summary, alkalinizing fluids are the appropriate choice for the IV rehydration of calves with diarrhea and dehydration (Fig. 2) . Currently, isotonic sodium bicarbonate (1.3% 5 13 g of NaHCO 3 /L 5 155 mEq HCO 3 À /L 1 155 mEq Na 1 /L) at a dose of 1 to 4 L is the recommended solution for IV treatment of calves with diarrhea. Isotonic sodium bicarbonate rapidly corrects acidosis and dehydration and restores normal cellular function. When a calf's suckle reflex is re-established, further treatment can be given orally. Undiluted 8.4% hypertonic sodium bicarbonate solutions should be used with caution in severely dehydrated calves with diarrhea but are ideal for adding to larger quantities of isotonic saline. Correcting dehydration with rapid administration of small volumes of hypertonic saline solution (4-5 mL/kg body weight, 7.2% NaCl or 7.2% NaCl in 6% dextran-70) successfully resuscitates dehydrated calves but does not correct metabolic acidosis. Administration of hypertonic saline solutions should be accompanied by IV sodium bicarbonate in severely acidemic calves or by oral alkalinizing agents (acetate, propionate) in mildly to moderately acidemic calves. 67 For additional information, a detailed review of solutions used for fluid and electrolyte therapy in ruminants was published in the November 2003 issue of Veterinary Clinics of North America: Food Animal Practice. 80
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Intravenous Fluid Therapy
AURICULAR VEIN CATHETERIZATION IN CALVES
The focus of this section is on catheterization of the auricular vein in calves. Catheterization of the jugular vein is still widely used for fluid therapy in calves and adult cattle. 35, 78 Other routes for administration of fluids in cattle have been presented but are not considered in this article. Schmid and Rü sse 89 were the first to describe the technique of auricular vein catheterization in neonatal calves using a small flexible catheter, and the method quickly became popular among practitioners in Germany and other countries. [90] [91] [92] Even in severely dehydrated calves, ear vein catheterization is possible, and a surgical cutdown of the jugular vein (which is often performed in severely dehydrated calves) can be avoided. Ear catheters allow the administration of adequate volumes of fluids by continuous drip infusion to calves. 73, 91, 93, 94 Despite the lack of studies comparing the use of ear vein catheters with other approaches in calves, this technique is believed to result in fewer complications compared with jugular catheters. 95 In pigs, long-term ear vein catheterization for 7 to 14 days was superior to jugular catheterization. 96 In this study, jugular vein catheters occluded more often and caused thrombophlebitis, whereas ear catheters showed no reactions. A study that evaluated the use of auricular vein catheters in adult cattle stated that this technique is easy to perform, safe, and less expensive because fewer catheters need to be discarded. 91 The ear vein approach initially should be practiced in calves with minimal or no dehydration before trying to catheterize severely dehydrated calves. Initially, it may be difficult to place a catheter into the ear of a severely dehydrated calf with a collapsed and small auricular vein. Blocking the vein with a tourniquet becomes essential for proper placement of the catheter. Small rubber bands are recommended and usually fit well around the base of the ear. To achieve better distention and visualization of the ear vein, gauze soaked with warm water can be applied to the ear for a short period of time to increase regional blood flow. The catheterization site needs to be shaved or clipped and prepared aseptically with iodine or alcohol before catheter insertion. The alcohol or iodine solution also acts as a lubricant and aids the advancement of the catheter into the ear. Lidocaine anesthesia of the venipuncture site is not necessary and is not recommended for ear vein catheterization. Subcutaneous administration of lidocaine creates a fluid bubble, which makes the vein difficult to visualize. Mild sedation with xylazine is occasionally necessary in vigorous calves that do not have any CNS depression; however, xylazine is not needed and should be avoided in severely dehydrated calves with hypovolemic shock because it further decreases blood pressure and causes the ear vein to collapse.
Current recommendations for ear vein catheterization in neonatal calves are to use a 22 gauge, 1-in (0.9 Â 25 mm) over-the-needle catheter (ie, Vasocan Braunü le, B. Braun Melsungen AG, Melsungen, Germany) with a butterfly-shaped wing. Other suitable catheters for ear vein catheterization should incorporate a guide wire needle to facilitate easier placement. Older calves and adult cattle require larger gauge sizes for increased flow rates. A disadvantage of the over-the-needle catheters is that they may fray or splinter at the tip during insertion and then must be discarded. Advancing an already frayed catheter should be avoided because it damages the internal wall of the vein and increases the risk of thrombosis. 97 The anatomy of the ear veins may differ slightly among calves. Normally there are one or two cranial, one medial, and one caudal ear vein that are large enough for catheterization. Identification of the ear vessels is important to avoid arterial puncture or placement of the catheter into the auricular artery. This artery is located between the cranial ear vein and the medial ear vein. It is usually more prominent than the ear veins and is visible even before applying a tourniquet. Identification of the auricular artery by palpating for a pulse is difficult; however, the artery feels harder than the veins and can be rolled under the skin. The author prefers the cranial ear vein for catheterization (Fig. 3A) followed by the medial vein. The cranial vein runs dorsally across the auricular pinna, which is flatter and more rigid than the caudal part of the ear. Catheterization should begin as far distally as possible to allow for repeated attempts more proximally if the first attempt is not successful. If the tip of the catheter lies too close to the base of the ear, the fluid flow rate may be slow.
Procedure for Auricular Vein Catheterization
The following steps are used to proceed with auricular vein catheterization:
1. First prepare all materials needed, including fluids, 22-gauge catheter, infusion line, tourniquet (rubber bands), razor, iodine or alcohol solution spray, scissors, tape, bandage, and a light source ( Figs. 3 and 4) . . 3A ). 6. Spray the area for catheter placement, preferably the cranial third of the ear, vigorously with iodine and alcohol. 7. Shave dorsal pinna of the ear carefully with a single razor. The catheter is advanced into the vein at least 0.5 in (1 cm) at once. The guide wire steel needle is then retracted slightly before the catheter is fully advanced into the ear vein. Confirm correct catheter position by checking for blood in the catheter hub and then withdraw guide wire needle completely. 8. Spray the catheterization site again (or scrub with iodine solution and swab with alcohol) to achieve easier sliding of catheter. 9. Identify a suitable ear vein after allowing some time for the vessels to distend.
A straight and 2-cm long vein is suitable (see Fig. 3A ). 10. If the vein does not properly distend in severely dehydrated or hypothermic calves, apply a sponge or gauze soaked with warm water to increase blood flow to the ear. 11. Prepare the catheter by gently moving the needle of the catheter back and forth to allow easy retraction of the needle after being inserted. Hold ear straight with one hand and bend the ear a little. 12. Advance the tip of the catheter into the distended vein at least 0.5 in (1 cm) in one movement. Expect some head and/or ear shaking and be prepared to move with the calf. 13. Confirm that the catheter is in the vein by watching for blood flow into the hub of the catheter before slightly withdrawing the needle (Fig. 3B) . 14. Advance the catheter completely into the vein and then remove the needle. Do not reinsert the needle into the catheter after withdrawing it because this may shear the catheter and potentially result in damage to the blood vessel. 15. Fix catheter with first tape strip to the ear and press tape firmly (Fig. 4A) . (Fig. 4B ). If necessary, place a gauze roll of adequate size inside the ear to allow better and more forceful taping. Do not tape in front of the catheter tip. 20. Tape the fluid line to the base of the opposite ear with third strip of tape ( Fig. 4C ). 21. Avoid stress and manipulation in severely compromised calves. Usually calves with severe dehydration and acidosis are depressed or comatose. These cases require almost no assistance from another person to place an ear catheter. If calves are more active, however, it is the authors' preference to use the least amount of restraint possible and attempt placement of the catheter without assistance. If necessary, light sedation can be used.
Catheter-Related Complications
Over-the-needle catheters slide out easily when the animal moves or during manipulation of the catheter before securing it with tape. 97 For secure fixation, the catheter can be sutured to the ear using an injection needle and monofilament suture material. 73 Suturing the catheter to the ear is usually not necessary because most calves that require IV fluids are depressed or comatose and do not move vigorously. Attaching the catheter to the pinna with cyanoacrylate (tissue glue), 92 using a gauze roll placed inside the ear, and taping the catheter with bandage material have been recommended for better catheter fixation. 91 The risk of damaging catheters in ear veins attached with two strips of tape is minimal if the calf is confined. If the calf is able to move its head in and out of a gate or a hole in the hutch, however, the ear catheter may dislodge or the fluid line may become disconnected from the catheter. To avoid this complication, calves can be tethered during IV fluid therapy. The fluid line is not easily accessible for chewing or biting if the fluid bag is hanging above the calf.
Intravenous Fluid Therapy
Puncturing a vein damages the wall of the blood vessel and traumatizes the surrounding tissue. Bacterial contamination of the vessel often follows. Complications of IV catheterization include phlebitis and extravasation of fluids or blood with infiltration of surrounding tissue forming subcutaneous edema or hematoma. 95, 97 The perivascular administration of fluids normally does not result in serious complications in calves if isotonic or mildly hypertonic solutions are administered. If the catheter is not correctly placed or is not advanced far enough into the vein, movement of the animal may cause displacement of the catheter. The signs of perivascular infusion include a slower infusion rate and swelling around the injection site. If the tip of the catheter is located close to the base of the ear, flow rates may be negatively affected.
Reports on catheter-related complications in cattle have focused primarily on problems associated with jugular vein catheterization. Thrombosis is the most frequent complication and results in thrombophlebitis, periphlebitis, and systemic infection. 95, [97] [98] [99] Severe thrombophlebitis of the jugular veins in cattle is characterized by a painful and warm swelling around the jugular vein, increased rectal temperature, reduced feed intake, and abnormal behavior. 99 Auricular vein catheterization is believed to result in fewer complications compared with jugular vein catheterization. 91, 95 Severe infections have not been observed by the author after using the ear vein catheterization technique in hundreds of calves. Arterial puncture is a common complication of jugular catheterization, resulting in the formation of large hematomas. Puncture of the artery is also a serious complication of ear vein catheterization, although it can be avoided by identifying this vessel. If an ear artery is catheterized accidentally, the brighter color of the blood or a slow infusion rate is usually obvious. An ear vein catheter can be left in place for several days without significant complications. In the authors' experience, calves with ear catheters left in place for up to 7 days had only minor swelling with no evidence of thrombophlebitis. Most catheters can be removed by the producer after 2 days if the calf is able to suckle and maintain a normal hydration status. Changing ear catheters is not needed as often as compared with jugular catheters. 91 Although it tends to be a common criticism of ear vein catheters, slow fluid flow rates are almost never a problem; however, ear catheters do tend to occlude more than jugular catheters. 91 
ADMINISTRATION OF INTRAVENOUS FLUIDS
Many studies have presented various protocols for IV fluid therapy in calves; however, clinical research comparing the effectiveness of different protocols in dehydrated calves with diarrhea has not been done. 80 In practice, fluid therapy has to be simple and cost effective and must be based on clinical signs that are easily assessed. Fig. 2 shows a simple flow chart with guidelines for resuscitation of dehydrated calves. The focus of this algorithm is on restoration of the suckle reflex to allow for further rehydration and maintenance fluid therapy to be given orally. European teaching hospitals and practitioners have recommended larger quantities (5-20 L) of volumeexpanding and maintenance IV fluids for periods of 24 hours or longer. 35, 78 To determine daily fluid requirements, estimated amounts for replacement, maintenance, and ongoing losses (for diarrhea) must be calculated. The quantity of replacement fluid in liters is calculated by multiplying the estimated dehydration in percentage with body weight in kilograms according to the following formula:
Replacement fluid ½L 5 dehydration½% Â bodyweight ½kg A maximum rate of 80 mL/kg/h for IV fluid administration has been used without inducing significant overhydration and hypertension. 64 This rate is equivalent to Berchtold a maximum fluid volume of 2.8 L/h for a 35-kg (77-lb) calf or 1 gallon (3.8 L) per hour for a 47-kg (104-lb) severely dehydrated calf. Higher flow rates are not recommended. Slower infusion rates of 30 to 50 mL/kg/h are often used to avoid overhydration and pulmonary edema. A recent study gave the first liter within 30 minutes and the subsequent dose of 3 L over the following 2.5 hours, 100 which is in agreement with the slower rate of 30 to 40 mL/kg/h reported by Roussel. 101 With a rate of 30 to 40 mL/kg/h, a 40-kg calf with 10% dehydration can be rehydrated within 3 to 4 hours. Daily maintenance fluid volumes of 80 to 100 mL/kg and ongoing losses of up to 7 L/d should be added to calculate the daily fluid requirements. If a calf can suckle after initial resuscitation, however, these fluid requirements can be given orally to reduce costs.
Measurements of buffer needs are based on formulas for extracellular base excess (from blood gas analysis) or plasma total carbon dioxide concentration. Values calculated from blood gas analysis multiply base deficit with body weight and with a factor that considers the volume of distribution for bicarbonate ions in the body (0.5-0.6) according to the following formula: 51, 101 Bicarbonate requirement ½mEq 5 body weight ½kg Â base deficit ½mEq=L Â 0:5 À 0:6 ½L=kg Values above 1.0 for calculating bicarbonate requirements have been reporteda finding that was attributed to ongoing fecal and renal losses of bicarbonate, along with ongoing production of organic acids in the gastrointestinal tract. 50 Another study recommended a distribution factor of 1.0 to consider the ongoing losses that accompany diarrhea. 93 Values of 1.0 or more seem much too high to be used to correct existing deficits as supported by a report from Japan, which found a much lower distribution factor of bicarbonate (0.367) in dehydrated calves with diarrhea. 84 More recent research showed that calves with acidemia from D-lactic acidosis need more sodium bicarbonate to buffer the metabolic acidosis and to decrease D-lactate concentration below 3 mmol/L. 43 Practitioners must rely on clinical signs and the guidelines developed by Naylor based on standing ability, suckling force, and age of calves with diarrhea to predict if alkalinizing therapy is indicated and how much isotonic sodium bicarbonate should be administered. Because determining the severity of acidosis on the farm is difficult and costly, buffer administration is commonly done without any laboratory data. The clinical response of the calf to IV fluid therapy must be monitored. Urination within 30 to 60 minutes, improvement of mental and hydration status, and, most importantly, restoration of the suckle reflex are monitored as responses to treatment. 78, 102 Recumbent calves should stand within a few hours of IV fluid therapy. If the suckle reflex does not return after IV buffer therapy, other diseases, such as septicemia, omphalitis, or pneumonia, should be ruled out. 103 An easy but successful guideline for the treatment of severely dehydrated calves with diarrhea and acidosis is administration of isotonic sodium bicarbonate solution at approximately 10% body weight over a period of several hours. 94 This protocol had a success rate of 91% without calculating buffer requirements, fluid rates, or maintenance requirements. Ninety calves with a mean base deficit of À19.0 AE 3.8 mEq/L (pH 7.06 AE 0.22) received approximately 10% of their body weight as isotonic sodium bicarbonate solution (1.26% 5 12.6 g/L instead of the more widely used 1.3%). The first half was given rapidly over 2 to 3 hours, which equals an administration rate of approximately 20 mL/kg/h. After 3 hours, when approximately 5% body weight of isotonic sodium bicarbonate had been infused, 77% of the calves were able to suckle water again. Milk replacer was continuously fed in that study; however, oral electrolytes were not given. Additional replacement therapy with 2 to 4 L of Ringer's or isotonic sodium chloride was given to 16 calves. 94 Another practical technique for a 40-to 50-kg, severely dehydrated and comatose calf is to give 2 L of isotonic sodium bicarbonate rapidly and then switch fluid to an isotonic mixture of sodium chloride and sodium bicarbonate. 104 
A Simplified Protocol for Farm Intravenous Fluid Therapy
A simplified protocol for IV fluid therapy by ear vein catheterization in calves used in the authors' practice is presented in this section. Calves are examined for dehydration by evaluating the eyeball position within the orbit, for weakness and ability to stand by careful manipulation (not performed in comatose calves), for duration of anorexia by obtaining history and determining suckle reflex, and for hypothermia by palpating extremities and oral cavity and obtaining rectal temperature.
The standard treatment protocol for IV fluid therapy consists of a 5-L bag of isotonic saline (0.9% NaCl) to which 250 mL of 8.4% hypertonic sodium bicarbonate (total of 250 mEq HCO 3 -) is added (Fig. 5) . This mixture creates a slightly hypertonic solution and is recommended for use in calves younger than 1 week. All solutions are commercially available, and isotonic saline solution is supplied in plastic bags that are easily attachable in the calf´s environment (see Fig. 4D ). Calves that present with relapses after administration of this standard protocol receive another treatment when they are able to suckle. Calves that fail to significantly improve in attitude, have a weak or absent suckle reflex, or show consistent weakness after one or two administrations of the standard (5-L) IV fluid solution are generally suspected of having a more severe acidosis. These calves receive fluids that contain a higher amount of sodium bicarbonate, especially when they are older than 1 week of age. Up to 750 mL of 8.4% sodium bicarbonate (750 mEq HCO 3 -) can be added to the 5-L bag of isotonic saline. Calves with ongoing relapses of dehydration or depression after repeated administrations of
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Calf standingappears strong Oral electrolyte solutions (high SID) 5 this standard IV protocol, with or without a higher dose of sodium bicarbonate, receive a transfusion of whole blood (800-1000 mL) through the same fluid line. All IV fluid therapy is performed by ear vein catheterization using a 22-gauge IV catheter placed under aseptic conditions. In calves with dehydration or severe depression, a maximum flow rate is preferred, which allows administration of 1 to 2 L/h. In normally hydrated calves, slower flow rates are used (0.5-0.75 L/h). Milk may be withheld for one feeding if D-lactic acidosis is suspected; however, milk feeding normally is continued.
COMPLICATIONS OF INTRAVENOUS FLUID THERAPY Technical Problems
Complications associated with IV catheterization were previously described. Problems in maintaining a continuous fluid line on farm for extended periods of time are primarily caused by lack of observation. Fluids may run out, which is usually followed by clotting of the catheter. Twisting or kinking of the fluid line is frequently observed if the lines are in place for several days and if the calf begins to recover and starts moving around in the stall or hutch. It is difficult to perform long-term (maintenance) IV fluid therapy without fluid line problems in an unobserved calf. When the calf begins moving freely in its stall, the infusion line can be coiled and is often occluded after bending. Complications with maintaining a permanent fluid line can be reduced by using coiled infusion sets, self-retractable dog leashes, or elastic bands 92 to which the infusion line is taped. Because of the difficulty associated maintaining a fluid line for long-term fluid therapy, maintenance fluid therapy in calves is best performed orally.
Hypothermia
Hypothermia is often a significant pre-existing problem in newborn calves without a suckle reflex during the first 24 hours of life and in calves with diarrhea and dehydration. 37 Particularly during periods of cold weather, administration of larger fluid volumes can exacerbate the hypothermia. IV therapy during cold weather conditions with large fluid volumes is almost impossible without creating or exacerbating hypothermia. Calves that receive IV fluids should be moved inside a building where external heating can be provided efficiently by heat lamps or some other type of heat source. The fluid line may be wrapped or looped around a heat lamp or passed through the metal cage of the heat lamp. In freezing weather conditions, however, it is almost impossible to avoid creating some degree of hypothermia in sick calves with or without dehydration that receive large volumes of IV fluids.
Overhydration
Overhydration may occur when fluids are administered too rapidly or with administration rates that increase intravascular pressure to an extent that pulmonary edema develops. 105 Clinical signs of overhydration and pulmonary edema include nasal discharge, tachypnea, tachycardia, coughing, and wet lung sounds (crackles). 95 If the central venous pressure exceeds 12 cm of water (measured at the level of the scapulohumeral joint in calves), the vascular pressure is too high and the infusion rate should be reduced or stopped temporarily. 64 In a study that used a high flow rate (80 mL/kg/h), central venous pressure increased in almost one third of dehydrated calves but signs of pulmonary edema were not detected. 64 In practice, it is not possible to determine an accurate body weight. An infusion rate slower than 80 mL/kg/h is preferred to avoid overhydration and development of pulmonary, interstitial, or cerebral edema. Anemia and hypoproteinemia also may follow overhydration, leading to hypoxia if the packed cell volume falls below 15%. Formation of interstitial edema Intravenous Fluid Therapy occurs if total protein concentrations drop below 4 mg/dL. 95 To the authors' knowledge, these complications have not been reported in the literature of calves and may be overlooked because of lack of observation on the farm. It seems unlikely that severe overhydration of calves would occur with flow rates that can be accomplished through a small (22-gauge) ear vein catheter, however.
Other Potential Adverse Effects of Intravenous Fluid Administration
The ideal composition of IV fluids for the treatment of calves with diarrhea and dehydration is unknown, and no studies have compared the effectiveness of different IV fluid therapy protocols on long-term survival of calves with diarrhea. Potential adverse effects of IV fluid administration on serum concentration of electrolytes, enzymatic activities, and voluntary intake of milk or oral electrolytes have not been investigated extensively. One study reported that the administration of isotonic sodium bicarbonate in calves with diarrhea was followed by a decrease in concentrations of potassium, magnesium, total calcium, and ionized calcium. 22 The clinical significance of these findings is unknown, and the authors did not recommend any treatments other than the administration of sodium bicarbonate or calcium. 22 In newborn calves with a mixed respiratory and metabolic acidosis (birth asphyxia), the administration of a hypertonic 5% sodium bicarbonate solution was followed by a decrease in total calcium concentration; however, concentrations of potassium, magnesium, and inorganic phosphorus were not affected 120 minutes after treatment. 57 A study on the long-term effects of neonatal diarrhea and its treatment with IV sodium bicarbonate, glucose, and electrolyte solutions followed by oral electrolytes found significantly lower serum concentrations of sodium, magnesium, and total calcium up to 10 days after the last treatment was administered compared with healthy control calves. 30 Base excess values of treated calves were significantly lower than those found in healthy control calves, and potassium concentrations were lower, although not statistically significant.
